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The	
  LAGEOS	
  Mission	
  

u LAGEOS	
  was	
  designed	
  and	
  launched	
  with	
  
geodynamics	
  as	
  the	
  primary	
  objec<ve:	
  
–  “A	
  satellite	
  which	
  looks	
  like	
  a	
  giant	
  golf	
  ball	
  will	
  be	
  launched	
  by	
  
NASA	
  next	
  month	
  into	
  a	
  5,900-­‐kilometer	
  (3,600-­‐mile)	
  high	
  orbit	
  to	
  
serve	
  as	
  a	
  tool	
  for	
  obtaining	
  informaEon	
  on	
  Earth's	
  crustal	
  
movements,	
  polar	
  moEon,	
  solid	
  Earth	
  Edes	
  and	
  precise	
  locaEons	
  
of	
  various	
  spots	
  on	
  Earth.	
  “	
  [NASA	
  Press	
  Kit,	
  RELEASE	
  NO:	
  76-­‐67]	
  

	
  

u  Space	
  Geodesy	
  had	
  just	
  completed	
  a	
  successful	
  10-­‐yr	
  global	
  
program,	
  the	
  “Na<onal	
  Geode<c	
  Satellite	
  Program	
  (NGSP)	
  
1964-­‐1974”,	
  and	
  everyone	
  wanted	
  a	
  lot	
  more	
  of	
  what	
  had	
  
been	
  accomplished	
  through	
  that	
  and	
  at	
  higher	
  accuracy:	
  
–  Global	
  sta<on	
  coordinates	
  at	
  ±10	
  m,	
  gravity	
  models	
  to	
  (15,15),	
  most	
  

na<onal	
  datums	
  linked	
  to	
  a	
  geocentric	
  frame,	
  etc.	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
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Mission	
  Objec&ves	
  

u LAGEOS	
  is	
  the	
  first	
  NASA	
  satellite	
  dedicated	
  
exclusively	
  to	
  laser	
  ranging;	
  

u The	
  LAGEOS	
  orbit	
  was	
  intended	
  to	
  be	
  the	
  stable	
  
reference	
  to	
  monitor	
  :	
  	
  
–  the	
  moEon	
  of	
  tectonic	
  plates,	
  	
  

–  the	
  Eme-­‐varying	
  behavior	
  of	
  the	
  Earth's	
  polar	
  posiEons,	
  	
  

–  the	
  maintenance	
  of	
  geodeEc	
  reference	
  systems,	
  

–  the	
  more	
  accurate	
  determinaEon	
  of	
  universal	
  Eme	
  	
  

u  Ul<mately,	
  the	
  intension	
  was	
  “to	
  contribute	
  to	
  development	
  of	
  
an	
  understanding	
  of	
  earthquakes,	
  their	
  origin	
  and	
  the	
  ability	
  to	
  
forecast	
  their	
  occurrence.”	
  	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
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Pre-­‐launch	
  LAGEOS	
  Requirements	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
  

*	
  
*J.	
  W.	
  Siry	
  :	
  The	
  LAGEOS	
  System	
  	
  	
  	
  NASA	
  TM	
  X-­‐73072	
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FIGURE 6
COMPARISON OF ATMOSPHERIC ANGULAR MOMENTUM

WITH LAGEOS VARIATIONS IN LOD
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Beyond	
  MERIT:	
  The	
  CDP	
  Years	
  

u  The	
  full	
  MERIT	
  
campaign	
  in	
  1983-­‐84	
  
completed	
  
successfully	
  and	
  
demonstrated	
  the	
  
central	
  role	
  of	
  
LAGEOS	
  as	
  the	
  new	
  
satellite	
  tool	
  for	
  
Space	
  Geodesy	
  

	
  
u  NASA’s	
  Crustal	
  

Dynamics	
  Project	
  
(CDP)	
  is	
  launched	
  in	
  
1979	
  and	
  as	
  it	
  turned	
  
out,	
  LAGEOS	
  took	
  
again	
  center	
  stage	
  
for	
  satellite	
  
techniques	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
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NASA	
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  and	
  interna&onal	
  partner	
  sites	
  (ca.	
  1984)	
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Gravita<onal	
  Model	
  Improvements	
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Inclusion	
  of	
  LAGEOS	
  data	
  in	
  the	
  
data	
  set	
  used	
  to	
  produce	
  the	
  
Goddard	
  Earth	
  Model	
  9	
  (GEM-­‐9)	
  
resulted	
  in	
  an	
  improved	
  model	
  
with	
  higher	
  resolu<on	
  used	
  for	
  
several	
  years	
  as	
  the	
  best	
  mode	
  
for	
  Precise	
  Orbit	
  Determina<on	
  
(POD).	
  
	
  
As	
  LAGEOS	
  data	
  accumulated	
  
new	
  models	
  followed,	
  primarily	
  
as	
  part	
  of	
  the	
  TOPEX/POSEIDON	
  
pre-­‐launch	
  model	
  development,	
  
models	
  GEM-­‐T1,	
  -­‐T2,	
  -­‐T3	
  and	
  
JGM-­‐3	
  from	
  Univ.	
  of	
  Texas/CSR.	
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Polar	
  Mo<on	
  at	
  3d	
  Intervals	
  

mai)r sources of the abovedescribed data.
MAGSAT provided the first global crus-
tal magnetic anomaly data at reasonable
spatial resolution, as well as a snapshot of
theEarth'smain(core) field in 1980. These
data are currently being used to investi-
gate the nature of fluid interactions at the
core-mantle boundary and the structural
and compositional variations of the Earth's
mapr crustal features, such as submarine
plateaus, rift zones, continental margins,
large cratonic blocks, and subduction
zones. Very Long Baseline Interferometer
(VLBI) data from the Crustal Dynamics
Proiect (CDP) have determined present-
day motion of the Earth's major tectonic
plates and have been used as constraints
on the displacement associated with ma-
ior earthquakes in the Gulf of Alaska and
Loma Prieta, California. Satellite Laser
Ranging(SLR) data havebeenused, along
with other space gmdetic data, to study
the variations in the Earth's rotation and
its interaction withchanges inafrnospheric
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The path of the rolallon axls of the Earth as determined fiom Iaser
ranglng observatlons to LAGEOS during the lnterval lrom 1976 to
1988. The variable amplitude of the path Is mainly due to the
beatlng of lhe two prlmary frequencies lnvolved: the annual and
the Chandler (1.2 years).

angular momentum, the motions and
deformations of tectonic plates, redistri-
bution of water over the Earth's surface,
and motions within the fluid core. Air-
borne laser altimetery has been used to
derive precise topographic profiles of
volcanic structures and to monitor their
change over time. Future activities in these
areas include participation in the planned
ARISTOTELES gravity/magnetic field
mission, study of geodynamics and rela-
tivistic effects with Lageos III, a number
of investigations in space geodesy, in the
Georience l.aser Ranging System (GLRS)
being developed for the Earth Observing
System (EOS), and a potential Earth Probe
topographic mapping mission.

In planetary studies, both old Viking
and new Magellan data arebeing studied
to investigate surface and interior proc-
esses on Mars and Venus. Particular em-
phasis is on the development of the mar-
tian crustal dichotomy, nature of small
volcanic features and the origin of com-

pressional features,
mantle convection and its
effects on the lithosphere
and observed gravity
fields, and the connection
between climate and ro-
tational dynamics on
Mars. Branch members
are involved in the de-
velopmentof anewgrav-
ity field for Mars based
on Viking data, and are
Co-Investigators or Team
Members of the 1992
MOLA topographic
mappingexperimentand
Radio Science gravity
f ield modeling investiga-
tion.

Future mission pos-
sibilities include several
of the smaller Earth Probe
satellites, the GLRS, as
part of the EOS, and the
Marsand Lunar Observ-
ers. A
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4 . Loborotory for Tenestriol Physics
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  El	
  Niño	
  Event	
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Global	
  Network	
  and	
  Mobile	
  Systems	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
  
40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
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Geologic	
  Plate	
  Mo<on	
  Models	
  Checked	
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Aper	
  the	
  correc<on	
  of	
  
the	
  geologic	
  <me	
  
scale,	
  LAGEOS-­‐derived	
  
tectonic	
  mo<ons	
  
agreed	
  with	
  those	
  
predicted	
  by	
  geologic	
  
models	
  with	
  a	
  
correla<on	
  of	
  99.7	
  %	
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1970s	
  

1980	
  -­‐	
  1983	
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Scien<fic	
  Results	
  by	
  1985	
  

u  Plate	
  tectonics	
  checked	
  at	
  a	
  
global	
  and	
  regional	
  scale	
  

u  Earth	
  orienta<on	
  monitored	
  
at	
  a	
  3-­‐day	
  resolu<on	
  and	
  
Earth	
  rota<on	
  varia<ons’	
  
correla<on	
  with	
  AAM	
  
demonstrated	
  over	
  years,	
  
including	
  the	
  detec<on	
  of	
  
ENSO	
  events	
  (1983)	
  

u GM	
  accurately	
  measured	
  
u Gravity	
  model	
  improvements	
  
at	
  long	
  wavelengths	
  (GEM-­‐L2)	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
  

LAGEOS
Scientific Results

Reprinted from Journal of Geophysical Research
Volume 90, Number B11, September 30, 1985

Published by the American Geophysical Union
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NASA’s	
  Crustal	
  Dynamics	
  Project	
  (CDP)	
  

u  Launched	
  in	
  late	
  1979,	
  
spanned	
  over	
  a	
  decade	
  and	
  
LAGEOS	
  held	
  a	
  central	
  role	
  as	
  
the	
  SLR	
  primary	
  target	
  

u  CDP	
  created	
  an	
  interna<onal	
  
community	
  focused	
  on	
  
solving	
  geodynamics	
  
problems	
  with	
  space	
  geodesy	
  

u  The	
  numerous	
  scien<fic	
  
results	
  were	
  compiled	
  in	
  a	
  3-­‐
volume	
  publica<on	
  of	
  the	
  
AGU	
  

Erricos	
  C.	
  Pavlis,	
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  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
  



18	
  

Globaliza<on	
  of	
  Space	
  Geodesy	
  

u One	
  of	
  the	
  outcomes	
  of	
  the	
  main	
  MERIT	
  campaign	
  was	
  
the	
  establishment	
  of	
  a	
  new	
  “Service”	
  to	
  coordinate	
  such	
  
ac<vi<es	
  in	
  a	
  rou<ne	
  fashion	
  and	
  provide	
  the	
  
community	
  with	
  results	
  adhering	
  to	
  established	
  
standards	
  (an	
  outgrowth	
  of	
  the	
  “MERIT	
  Standards”)	
  

u  This	
  led	
  to	
  the	
  establishment	
  of	
  the	
  IERS	
  (InternaEonal	
  
Earth	
  RotaEon	
  Service)	
  in	
  1987,	
  star<ng	
  its	
  opera<ons	
  
on	
  Jan.	
  1,	
  1988,	
  and	
  later	
  renamed	
  (2003)	
  to:	
  
InternaEonal	
  Earth	
  RotaEon	
  and	
  Reference	
  Systems	
  
Service	
  

u  Eventually,	
  all	
  space	
  geode<c	
  techniques	
  were	
  organized	
  
in	
  a	
  similar	
  fashion,	
  with	
  an	
  interna<onal	
  par<cipa<on	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
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LAGEOS	
  and	
  the	
  Reference	
  Frame	
  

u When	
  IERS	
  was	
  established	
  LAGEOS	
  had	
  already	
  proven	
  
itself	
  as	
  the	
  pillar	
  of	
  the	
  global	
  network’s	
  sta<on	
  
coordinate	
  es<ma<on	
  tool	
  during	
  the	
  various	
  projects	
  
(MERIT,	
  CDP,	
  WEGENER/MEDLAS,	
  etc.)	
  and	
  a	
  main	
  
contributor	
  to	
  gravity	
  modeling	
  efforts	
  

u  Soon	
  aper,	
  in	
  1992	
  a	
  second	
  spacecrap	
  with	
  iden<cal	
  
design,	
  LAGEOS-­‐2,	
  was	
  launched	
  as	
  a	
  joint	
  project	
  of	
  
NASA	
  and	
  ASI,	
  the	
  Italian	
  Space	
  Agency	
  

u  IERS	
  iden<fied	
  the	
  two	
  as	
  the	
  unique	
  contributors	
  to	
  the	
  
defini<on	
  of	
  the	
  origin	
  of	
  the	
  ITRF	
  (Interna<onal	
  
Terrestrial	
  Reference	
  Frame)	
  and	
  along	
  with	
  Very	
  Long	
  
Baseline	
  Interferometry	
  (VLBI),	
  the	
  scale	
  of	
  the	
  ITRF	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
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Contribu<on	
  to	
  ITRF	
  

u  Analysis	
  of	
  LAGEOS	
  and	
  LAGEOS-­‐2	
  SLR	
  data	
  have	
  contributed	
  
to	
  the	
  all	
  ITRF	
  realiza<ons	
  of	
  the	
  ITRS	
  

u  In	
  recent	
  years	
  the	
  analysis	
  delivers	
  weekly	
  es<mates	
  of	
  the	
  
coordinates	
  of	
  the	
  sta<ons	
  and	
  daily-­‐averaged	
  EOP,	
  updated	
  
on	
  a	
  daily	
  basis	
  

u  When	
  a	
  new	
  ITRF	
  model	
  is	
  to	
  be	
  realized,	
  a	
  complete	
  
reanalysis	
  of	
  the	
  SLR	
  data	
  to	
  the	
  two	
  LAGEOS	
  s/c	
  is	
  
performed,	
  using	
  the	
  latest	
  models	
  for	
  gravity,	
  <des,	
  etc.	
  

u  The	
  quality	
  of	
  the	
  ILRS	
  analysis	
  products	
  is	
  con<nuously	
  
monitored	
  and	
  discrepancies	
  with	
  respect	
  to	
  various	
  
parameters	
  (e.g.	
  ITRF	
  scale)	
  are	
  inves<gated	
  

u  Since	
  several	
  years,	
  ILRS	
  is	
  focused	
  on	
  mi<ga<ng	
  the	
  effect	
  of	
  
systema<c	
  errors	
  in	
  the	
  data,	
  and	
  the	
  two	
  LAGEOS	
  s/c	
  data	
  
are	
  the	
  main	
  standards	
  against	
  which	
  all	
  sta<ons	
  are	
  
compared	
  and	
  evaluated	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
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ITRF2014	
  Networks	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
  

ITRS,	
  Z.	
  Altamini	
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ITRF2014	
  Veloci<es	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
  

ITRS,	
  Z.	
  Altamini	
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SLR,	
  DORIS	
  &	
  VLBI	
  scales	
  wrt	
  ITRF2014	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
  

Full	
  &me	
  series	
  of	
  scale	
  factors	
  
Scale	
  factors	
  of	
  SLR	
  and	
  VLBI	
  solu&ons	
  	
  
selected	
  to	
  define	
  ITRF2014	
  scale	
  

VLBI	
  SLR	
  DORIS	
  

ITRS,	
  Z.	
  Altamini	
  

VLBI	
  &	
  SLR	
  co-­‐
loca&ons,	
  No	
  GPS	
   1.37	
  ±	
  0.26	
  ppb	
   9	
  sites	
  (good	
  distribu&on):	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

13	
  LT	
  vectors,	
  properly	
  weighted	
  	
  	
  

ITRF2014	
  Scale	
  defined	
  as	
  the	
  mean	
  of	
  SLR	
  and	
  VLBI	
  scales	
  

SLR-­‐VLBI	
  Scale	
  difference	
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Origin	
  Transla<on	
  Offsets	
  wrt	
  ITRF2014	
  

Dec.	
  16,	
  2015	
   2015	
  AGU	
  Fall	
  Mee<ng,	
  14-­‐18	
  December,	
  San	
  Francisco,	
  CA	
  

3.6	
  mm	
  

3.1	
  mm	
  

5.4	
  mm	
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Site	
  Coordinate	
  Residuals	
  –	
  Sta&s&cs	
  
ITRF2014	
  &	
  PSD	
  

vs SLRF2008 vs ITRF2014 ITRF2014+PSD 

Mean 
WRMS 
[mm] 

STD 
WRMS 
[mm] 

 

Mean 
WRMS 
[mm] 

STD 
WRMS 
[mm] 

 

Mean 
WRMS 
[mm] 

STD 
WRMS 
[mm] 

All Sites 9.7 6.2 9.0 6.5 7.7 5.4 

Core Sites 6.5 4.9 6.0 4.3 6.0 4.8 

E.	
  C.	
  Pavlis	
  12/13/2015	
   IERS	
  DB	
  #61	
  San	
  Francisco,	
  CA	
   25	
  

The	
  performance	
  of	
  the	
  new	
  TRF	
  model	
  looks	
  very	
  good,	
  
even	
  at	
  this	
  very	
  preliminary	
  stage	
  of	
  implementa<on	
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Systema<c	
  Error	
  Tracking	
  at	
  ILRS	
  Sites	
  

u  The	
  current	
  major	
  task	
  that	
  LAGEOS	
  data	
  contribute	
  to	
  is	
  
monitoring	
  the	
  quality	
  of	
  the	
  network	
  data	
  on	
  a	
  daily	
  
basis	
  

u  Engineers	
  cannot	
  detect	
  small	
  errors	
  below	
  the	
  1-­‐2	
  cm	
  
level,	
  orbital	
  fiwng	
  to	
  global	
  solu<ons	
  are	
  necessary	
  

u  Today’s	
  accuracy	
  requirements	
  make	
  errors	
  of	
  even	
  a	
  
few	
  millimeters	
  a	
  major	
  issue	
  

u  The	
  Quality	
  Control	
  (QC)	
  of	
  the	
  ILRS	
  data	
  is	
  one	
  of	
  the	
  
areas	
  where	
  LAGEOS	
  data	
  is	
  now	
  playing	
  a	
  central	
  role	
  

u  The	
  ILRS	
  has	
  established	
  a	
  Quality	
  Control	
  Board	
  to	
  
oversee	
  these	
  efforts	
  on	
  a	
  rou<ne	
  basis	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
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Systema&c	
  Errors	
  at	
  Zimmerwald	
  	
  

Riga event timer 

Lageos-1 Bias start 
Swapped counters 

Bias stop 
CSPAD 

Lageos-2 

April	
  19,	
  2016	
   2016	
  EGU,	
  17-­‐22	
  April,	
  Vienna,	
  Austria	
  

C.	
  Luceri,	
  CGS,	
  e-­‐GEOS/ASI	
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2015	
  ILRS	
  Monthly	
  QC	
  “Report	
  Card”	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
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GM	
  Correc<on	
  due	
  to	
  LAGEOS	
  CoM	
  Offset	
  

u  The	
  important	
  role	
  of	
  an	
  
accurate	
  correc<on	
  of	
  
the	
  data	
  for	
  the	
  effec<ve	
  
reflec<on	
  plane	
  of	
  the	
  
laser	
  pulse	
  was	
  
demonstrated	
  with	
  the	
  
improvement	
  of	
  the	
  GM	
  
es<mate	
  from	
  LAGEOS	
  
data,	
  once	
  this	
  offset	
  was	
  
corrected	
  from	
  240	
  mm	
  
to	
  251	
  mm	
  
Ries,	
  J.C.,	
  R.J.	
  Eanes,	
  C.K.	
  Shum	
  
and	
  M.M.	
  Watkins,(1992):	
  
Progress	
  in	
  the	
  determinaEon	
  of	
  
the	
  gravitaEonal	
  coefficient	
  of	
  
the	
  Earth	
  	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
  

A	
  complete	
  reevalua<on	
  of	
  the	
  various	
  systems	
  
deployed	
  in	
  the	
  global	
  network	
  resulted	
  in	
  a	
  set	
  of	
  
individual	
  correc<ons	
  applicable	
  for	
  each	
  site	
  and	
  
mode	
  of	
  opera<on,	
  limi<ng	
  the	
  error	
  from	
  this	
  
source	
  to	
  about	
  ±	
  2	
  mm	
  on	
  average.	
  

398600.4415	
  ±	
  0.0008	
  km3/s2	
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LAGEOS	
  Contribu<ons	
  Beyond	
  Geodesy	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
  
40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
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1986	
  Proposal	
  for	
  a	
  Rela<vity	
  Experiment	
  

Erricos	
  C.	
  Pavlis,	
  May	
  11,	
  2016	
   40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
  

John	
  Archibald	
  Wheeler	
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Simula<on	
  of	
  LAGEOS	
  1	
  &	
  3	
  Experiment	
  

Erricos	
  C.	
  Pavlis,	
  May	
  
11,	
  2016	
  

40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
  

Frame-­‐dragging	
  or	
  Lense-­‐Thirring	
  effect	
  (LT)	
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Measurement	
  of	
  LT	
  with	
  LAGEOS	
  1	
  &	
  2	
  

Erricos	
  C.	
  Pavlis,	
  May	
  
11,	
  2016	
  

40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
  

EIGEN-GRACE02S 

µEIGEN-GRACE02S = 0.992 ± 0.05 

Frame-­‐dragging	
  or	
  Lense-­‐Thirring	
  effect	
  

GRLT:	
  µ	
  =	
  1.0	
  

Realis<c	
  Error	
  Es<mate	
  ≈	
  10%	
  Ciufolini	
  &	
  Pavlis,	
  2004	
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LT	
  from	
  LAGEOS	
  1	
  &	
  2	
  and	
  LARES	
  (2016)	
  

Erricos	
  C.	
  Pavlis,	
  May	
  
11,	
  2016	
  

40th	
  Anniversary	
  of	
  LAGEOS	
  Launch,	
  Goddard	
  SFC	
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due to the errors in the Earth’s even zonal harmonics and
to the Lense–Thirring effect which we have not included in
GEODYN II’s modeling. The Lense–Thirring nodal shift,
theoretically predicted by general relativity, is about 30.7
milliarcsec/year on LAGEOS, about 31.5 milliarcsec/year
on LAGEOS 2 and about 118.4 milliarcsec/year on LARES,
the latter corresponding at the altitude of LARES to about
4.5 m/year.

Using the three observables provided by the three nodal
rates of LAGEOS, LAGEOS 2 and LARES, we were able
to eliminate not only the uncertainties in their nodal rates
due to the errors in the even zonal harmonics J2 and J4 of
the GGM05S model but also the uncertainties in their nodal
rates due to the long and medium period tides contributing
to the harmonics J2 and J4.

We fitted for the six largest tidal signals of LAGEOS,
LAGEOS 2, and LARES, and for a secular trend, which pro-
duced

µ = (0.994 ± 0.002)± 0.05 (1)

Here µ = 1 is the value of frame-dragging normalized to
its GR value, 0.002 is the formal 1-sigma error (the post-
fit residuals of Fig. 2 show a normal–Gaussian– distribution
to good approximation) and 0.05 is our conservative current
estimate of systematic error due to the uncertainties in the
Earth gravity field model GGM05S and to the other error
sources. We discuss systematic errors below.

In Fig. 3, we display the least squares secular trend fit of
the cumulative combined residuals of LAGEOS, LAGEOS
2 and LARES prior to fitting for the tides. In contrast, in Fig.
4 we show the secular trend obtained when including the
six known periodical terms corresponding to the largest tidal
signals observed on the satellite’s nodes. The fit is obviously
much tighter. These tidal signals were identified both by a
Fourier analysis of the observed residuals and by analytical
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Fig. 2 Combined residuals of LARES, LAGEOS, and LAGEOS 2,
over about 3.5 years of orbital observations, after the removal of six
tidal signals and a constant trend
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Fig. 3 Fit of the cumulative combined nodal residuals of LARES,
LAGEOS, and LAGEOS 2 with a linear regression only
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Fig. 4 Fit of the cumulative combined nodal residuals of LARES,
LAGEOS, and LAGEOS 2 with a linear regression plus six periodi-
cal terms corresponding to six main tidal perturbations observed in the
orbital residuals

computations of the main tidal perturbations of the nodes
of the satellites. Some of the signals observed in the nodal
residuals correspond to the perturbations due to the main
non-gravitational perturbations.

The systematic errors in our measurement of frame-
dragging with LARES, LAGEOS, and LAGEOS 2 are mainly
due to the errors in the even zonal harmonics of GGM05S,
used in our orbital fits with GEODYN II, with degree strictly
larger than four. To evaluate these systematic errors, we
tripled the published calibrated errors (i.e. including both
the statistical and the systematic errors) of each even zonal
coefficient of GGM05S (to multiply by a factor two or three
is a standard technique in space geodesy to place an upper
bound to the real error in the Earth’s spherical harmonics) and
then propagated these tripled errors into the nodes of LARES,
LAGEOS, and LAGEOS 2. We then found a systematic error
of about 4 % in our measurement of frame-dragging due to
the Earth’s even zonals.

Other smaller systematic errors are due to those long
and medium period tides and non-gravitational perturbations

123

μ	
  =	
  (0.994	
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Conclusion	
  

u  LAGEOS	
  was	
  launched	
  to	
  address	
  a	
  handful	
  of	
  problems	
  that	
  were	
  
of	
  high	
  interest	
  in	
  the	
  70s,	
  but	
  it	
  has	
  proven	
  an	
  unfathomable	
  tool	
  
for	
  addressing	
  incredibly	
  complicated	
  problems	
  and	
  we	
  are	
  s<ll	
  
finding	
  areas	
  where	
  the	
  data	
  will	
  significant	
  contribu<ons	
  

u  For	
  Geodesy,	
  the	
  contribu<ons	
  of	
  the	
  two	
  LAGEOS	
  s/c	
  to	
  the	
  
development	
  of	
  the	
  ITRF	
  models	
  and	
  the	
  subsequent	
  monitoring	
  
of	
  its	
  quality	
  are	
  unique,	
  since	
  they	
  are	
  the	
  only	
  tool	
  that	
  we	
  have	
  
to	
  define	
  its	
  origin	
  and	
  monitor	
  its	
  varia<ons	
  

u  The	
  addi<on	
  of	
  a	
  new	
  s/c	
  to	
  the	
  current	
  constella<on,	
  LARES	
  and	
  
the	
  possible	
  future	
  augmenta<on	
  with	
  a	
  LARES-­‐2,	
  will	
  enhance	
  the	
  
quality	
  and	
  accuracy	
  of	
  the	
  products	
  since	
  the	
  new	
  targets	
  are	
  
specifically	
  designed	
  for	
  millimeter	
  accurate	
  Geodesy	
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Short	
  &	
  Long-­‐term	
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